coma 7 2 Abstract: 8 In many insects, repeated cold stress, characterized by warm periods that interrupt cold 9 periods, have been found to yield survival benefits over continuous cold stress, but at the cost of 10 reproduction. During cold stress, chill susceptible insects like Drosophila melanogaster suffer 11 from a loss of ion and water balance, and the current model of recovery from chilling posits that 12 re-establishment of ion homeostasis begins upon return to a warm environment, but that it takes 13 minutes to hours for an insect to fully restore homeostasis. Following this ionoregulatory model 14 of chill coma recovery, we predicted that the longer the duration of the warm periods between 15 cold stresses, the better a fly will recover from a subsequent chill coma event and the more likely 16 they will be to survive, but at the cost of fewer offspring. Here, female D. melanogaster were 17 treated to a long continuous cold stress (25 h at 0°C), or experienced the same total time in the 18 cold with repeated short (15 min), or long (120 min) breaks at 23°C. We found that warm 19 periods in general improved survival outcomes, and individuals that recovered for more time in 20 between cold periods had significantly lower rates of injury, faster recovery from chill coma, and 21 produced greater, rather than fewer, offspring. These improvements in chill tolerance were 22 associated with mitigation of ionoregulatory collapse, as flies that experienced either short or 23 long warm periods better maintained low hemolymph [K + ]. Thus, warm periods that interrupt 24 cold exposures improve cold tolerance and fertility in D. melanogaster females relative to a 25 single sustained cold stress, potentially because this time allows for recovery of ion and water 26 homeostasis. 27 28 29
6 stresses also produced fewer offspring (although offspring size was not measured) (Enriquez et 99 al., 2018) . A likely explanation for this apparent trade-off between survival and reproduction is 100 that repeated crossing of threshold temperatures induces a re-allocation of energy stores (e.g. 101 toward cryoprotection or restoration of metabolic or ionic homeostasis) that improves survival, 102 but comes at the cost of reproduction during the long warm periods (Marshall and Sinclair, 103 2010). 104 In this study, we hypothesized that periods of warmth immediately initiate the process of 105 homeostatic recovery after a cold exposure, while full recovery may take many minutes to hours. 106 We thus predicted that even very short warm periods in between cold exposures could lead to 107 increased survival and faster chill coma recovery relative to sustained cold stress. If these short 108 warm periods were too rapid to permit complete restoration of ion and water balance, we 109 expected that longer warm periods would permit greater survival and faster recovery than very 110 brief warm periods. Given that recovery from chill coma has an apparent metabolic cost 111 (MacMillan et al., 2012) , and in keeping with prior evidence from D. melanogaster (as discussed 7 banana, corn syrup, agar, and yeast). In preparation for the experiment, groups of ~200 adult flies 121 were moved to a fresh bottle of food (180 mL bottles containing 50 mL of diet) for 2-3 h to lay 122 eggs. Adult flies were collected on the final day of emergence and transferred to fresh food vials 123 (40 mL vials containing 7 mL of diet), where they remained for three days. Female flies were 124 collected under brief and light CO2 anesthesia, transferred to new food vials in groups of ten, and 125 given two additional days to recover from the CO2 exposure before starting experiments to avoid 126 known physiological effects of CO2 (MacMillan et al., 2017; Nilson et al., 2006) . For most 127 experiments, all female flies were sexed within 24 h of emergence, and all flies were five days 128 old at the time of the experiment and were assumed to be mated. For the fecundity experiment, 129 virgin flies were collected under brief CO2 anesthesia and collected within 12-14 h of emergence 130 and kept in fresh food vials for five days to ensure they had not and could not mate.
131
On the day of the experiments, flies were blindly assigned to one of four experimental groups: (i) 132 a Control (CTL) group which was held in the incubator at 22°C in fresh food vials for 25 h; (ii) a 133 Long Cold (LC) group kept in the ice bath at 0°C for 25 h; (iii) a Repeated Cold 120 (RC120) 134 group kept in the ice bath for 5 h then moved to the incubator for 120 min at 22°C, repeated five 135 times in total; and (iv) and a Repeated Cold 15 (RC15) group kept in the ice bath for 5 h then After a group had accumulated 25 h of exposure to 0°C, the flies were moved to food 145 vials and placed in the incubator for 24 h. The degree of injury/survival of each fly was then 146 assessed using a modified four-point scale similar to that described previously (MacMillan et al., 147 2018). Briefly, a fly was scored as a 1 if it was dead; a 2 if it was able to stand upright but not 148 walk; a 3 if it was able to walk on the food surface but not climb the vial walls; and a 4 if it 149 displayed baseline, pre-chilling behaviour by jumping, walking, and climbing inside the vial.
150
This survival assessment was then repeated three more times (every 24 h) for a total of four days. Fertility assay 167 We quantified offspring production following the methods of Marshall & Sinclair (2010) .
168
Immediately after the final treatment for a group of flies, 25 virgin females per treatment group 169 were placed individually into new food vials with two untreated virgin males of the same age.
170
After 24 h, each triad was transferred to a new food vial. This was done for a total of three times 171 to yield four vials per triad collected over four days. The offspring were left to develop inside 172 these vials, and total offspring production was measured by counting the number of adult 173 individuals that emerged from pupae in each vial. After a group had finished its treatment, hemolymph was extracted from flies using the antennal 177 ablation method previously described by MacMillan and Hughson (2014) . During the 178 hemolymph extraction from cold-exposed flies, vials with flies were held in an ice-water bath to 179 keep the flies at 0°C. The extracted hemolymph was transferred into a dish containing silicone 180 elastomer (Sylgard 184, Dow Corning Corporation, Midland, MI, USA). The dish was filled with 181 hydrated heavy paraffin oil which fully covered the droplets, preventing evaporation. The 182 concentration of K + in the droplets was measured using ion-selective microelectrode technique 183 (ISME) as described by MacMillan et al. (2015a) . The ion-selective electrodes were made from 184 glass capillaries (TW150-4, World Precision Inc., Sarasota, USA), pulled to a tip diameter of ~3-185 5 µm using a P-1000 flaming/Brown micropipette puller. Once pulled the glass capillaries were 186 heated to 300°C on a hot plate for 15 min before 20 µL of N, N-dimethyltrimethylsilylamine 187 10 (Sigma Aldrich, Saint Louis, USA) was added using an inverted glass dish for 1 h. The 188 capillaries were then cooled to room temperature, back-filled with a 100 mM KCl solution, and 189 front-filled with a K + ionophore cocktail (Potassium ionophore 1-cocktail B, Sigma Aldrich).
190
Lastly, the ion-selective electrode tip was dipped in a solution of 1 mg mL -1 polyvinyl chloride 191 (PVC, sigma: 81392) in tetrahydrofuran (Sigma Aldrich). The reference electrode was made by Figure 2A ) on survival. Flies that 236 received warm breaks (RC120 and RC15) had much higher rates of survival in the days 237 following cold stress than those that experienced prolonged chilling (LC), and longer breaks 238 were significantly better for survival that short breaks. Survival scores of chill injured flies also 239 decreased in each subsequent day that they were assessed, with the LC group showing the largest 240 decrease in survival scores over time (Figure 2A) . This difference in the rate of change in 241 survival scores drove a significant interaction between the effects of treatment and day of 242 assessment on survival (LME; F3,1483 = 3.36, P = 0.018). This relationship was further examined 243 using linear regression, which demonstrated that the mean survival score on day 1 (24 h 244 following cold stress) was highly predictive of the rate of decline in survival scores over time 245 (P = 0.020, R 2 =0.94; Figure 2B ). As with survival scores, the duration and frequency of cold recovery periods significantly 249 affected CCRT in adult female D. melanogaster; recovery times were slowest in the LC group 250 following 25 h of total cold exposure (61.7 ± 3.0 min), but were approximately 20% and 57% 251 13 more rapid in the RC15 and RC120 groups, respectively ( Figure 2C ). In RC15, CCRT increased 252 with each subsequent cold cycle, while there was no observed difference in CCRT between the 253 first and fifth cold cycle in the RC120 group. This difference between the two groups 254 experiencing repeated cold stress drove a strong significant interaction in the effects of cold To test whether 15 or 120 min breaks in a cold stress have effects on female mating and/or 262 offspring production, we used virgin females exposed the same treatment conditions as in the 263 survival, CCRT, and ion balance experiments. Following their respective treatments, these 264 females were given four consecutive days to lay eggs after mating. Periods of cold recovery 265 (treatment group) strongly affected the total number of offspring produced (adults that eclosed) 266 by female flies over four days (glm; F3,244 = 9.33, P < .0001), where the descending rank order of 267 offspring production was control, RC120, RC15, LC ( Figure 4A ). There was also a significant 268 interaction between the cold treatment and the rate of offspring production (ANOVA; F3,244 = 269 4.89, P = 0.003; Figure 4A ). This interaction was specifically driven by the substantially slower 270 rate of offspring production by the survivors of the LC treatment. Differences in the total number 271 of offspring produced among the control and repeated cold stress (RC15 and RC120) groups 272 appear to have been primarily driven by the RC flies tending to produce fewer offspring than the 273 14 controls on the first day of egg laying ( Figure 4B ), but not on the following three days ( Figure   274 4C-E). (Figure 3A) .
283
The average hemolymph [K + ] strongly predicted average survival scores (data from the survival 284 experiment above, as hemolymph sampling is destructive) of each group 24 h after the end of the 285 cold stress (P=0.003, R 2 = 0.990; Figure 3B ).
287
Discussion: 288 Here, we show that even very short (15 min) warm breaks spaced within a prolonged (25 h) cold 289 stress can yield considerable survival and reproductive benefits for a chill-susceptible insect. Our 290 results showed increased survival in female D. melanogaster that experienced repeated cold 291 stresses (with both 15 or 120 min breaks) compared to a continuous cold period, which closely 292 agrees with evidence for the beneficial effects of warm periods found in other insect species 293 (Colinet et al., 2006; Koštál et al., 2007; Petavy et al., 2001) . These differences in survival 294 between the RC and LC groups are consistent with the data observed by Marshall and Sinclair 295 15 (2010) and Enriquez et al. (2018) , which showed that repeated cold exposures result in increased 296 survival compared to sustained cold exposures, and warm period length was positively correlated 297 with survival. In our study, the average survival of each group was strongly predicted by the 298 average hemolymph [K + ] at the end of their respective treatments, suggesting that the differences 299 in survival observed are at least partly attributable to differences in the severity of hyperkalemia.
300
The difference in survival between our RC120 and RC15 groups also correlated with the rate of 301 change in survival over the four-day period post-treatment (while the flies were back in benign 302 conditions). This means that RC15 (short breaks) individuals experienced a more severe decrease 303 in survival over four days compared to RC120 (long breaks), and thus that longer breaks are still 304 more beneficial than short breaks, even once the repeated stress has ended. This latent cold 305 death, however, was most pronounced in the LC group where mortality increased from 6% (6/96 306 flies) (score of 1 on survival scale) on day one (24 h after treatment) to 28% (27/96 flies) by day 307 four (96 h after treatment). Together, these findings suggest that the greater the injuries sustained 308 during the cold stress (and the more severe the hyperkalemia), the more likely a fly is to suffer 309 further injury or die in the following days.
310
Flies in the repeated cold groups showed greatly reduced CCRT compared to the sustained cold 311 group. The duration of the recovery period very strongly determined the speed with which flies 312 recovered from chill coma in later cycles; the RC15 group showed a progressive increase in 313 CCRT up to the fifth cold cycle, while RC120 showed no significant increase in CCRT across 314 cycles. The current model of chill coma recovery (Overgaard and MacMillan, 2017) states that a) 315 CCRT increases with cold stress duration and b) CCRT after a cold stress depends on the rate at 316 which ion homeostasis is re-established. Chill coma recovery in Locusta migratoria, Gryllus 317 pennsylvanicus, and G. veletis has been linked with the re-establishment of K + homeostasis, and 318 16 in these species CCRT appears to be related to how fast ion homeostasis is re-established 319 (Andersen and Overgaard, 2019; Des Marteaux and Sinclair, 2016; Findsen et al., 2014; 320 MacMillan et al., 2014; MacMillan et al., 2012) . In our study, the total cold exposure duration 321 was the same across all three cold treatment groups. Our results thus suggest that 120 min warm 322 periods provided sufficient time for ion and water homeostasis to be re-established before the 323 next cold period occurred (MacMillan et al., 2012) , while 15 min of recovery was insufficient.
324
Although the RC15 group tended to have higher hemolymph [K + ] than the RC120 group after a 325 total of 25 h at 0°C, these two groups did not significantly differ. This suggests that, while 15 326 min warm periods led to a longer final CCRT compared to 120 minute warm periods, this 327 difference was not exclusively driven by a greater capacity to maintain K + homeostasis, and may 328 be more related to an improved ability to restore low hemolymph [K + ] during rewarming in the 329 RC120 group. This suggestion is in agreement with the observation that rapid cold-hardening Among the cold treatment groups, there were more offspring cumulatively produced by 333 surviving flies in both the RC120 and RC15 groups, compared to the LC group; The LC group 334 yielded the fewest offspring in the four days following the cold stress. This result was somewhat 335 surprising, as it contrasts with prior work on repeated cold stress in Drosophila. In both 336 D. suzukii and D. melanogaster, repeated cold exposures have previously resulted in 337 significantly fewer offspring than were produced by an equivalent continuous cold group 338 (Enriquez et al., 2018; Marshall and Sinclair, 2010) . A likely reason for this difference is due to 339 our different experimental design; both previous studies applied cold stresses on a near 24-hour 340 cycle, unlike our design, and the flies thus had considerably more time for warm recovery. This 341 17 additional time may provide flies with a more significant opportunity to alter their physiology.
342
Such alterations might include gene expression and protein production (e.g. those involved in 343 heat shock proteins) (Koštál and Tollarová-Borovanská, 2009), activation of catabolic pathways 344 relevant to tissue repair or preparation for a subsequent stress (Wang et al., 2006) , or initiation of 345 reproductive diapause (Rinehart et al., 2007) . A unified consequence of such responses would be 346 the redirection of resources away from egg production, which would result in fewer offspring.
347
Thus, while our fecundity results appear in contrast to those reported previously, we suspect that 348 longer (e.g. ~24 h) warm periods do yield a survival-fecundity trade-off, as suggested by 349 Marshall and Sinclair (2010), while those experienced on shorter time scales (like ours) might 350 not. In our design we did not see evidence for this trade-off, and we thus argue it is driven by 351 adaptive (e.g. acclimation, quiescence) or maladaptive physiological responses to chilling that 352 suppress fertility and which take considerable time, rather than physiological consequences of 353 cold stress (e.g. injury) that occur while the stress is applied. From an applied perspective, this 354 could mean that an "ideal" cycle may exist for a given species or population of insects that 355 preserves fertility while also yielding survival benefits, but whether or not these patterns hold for 356 a more extended period of insect storage remains unclear.
357
Conclusion: 358 In this study, even very short breaks in repeated cold exposures mitigated hyperkalemia 359 and resulted in higher survival, lower CCRT, higher fertility in female D. melanogaster 360 compared to sustained cold exposures. In addition, longer warm periods in between cold periods 361 resulted in even higher survival and lower CCRT, but had no effect on offspring number, 362 compared to shorter warm periods. These results indicate that differences in survival after 363 repeated cold exposures of different warm period lengths do not necessarily arise as a result of 364 18 differences in [K + ] disruption but may be related to the time required to restore K + balance 365 during warm breaks. While this experimental design is unlikely to naturally-occur, fluctuating 366 temperatures do occur over many different timescales in nature. While the short breaks applied 367 in our experiments seem to result in both greater survival and fecundity in D. melanogaster, prior 368 evidence suggests that this is not the case when treatments are applied over more ecologically-369 relevant timescales, and that trade-offs between these two traits may emerge only when there is 
